Introduction
The mid−infrared spectrum around 2−μm has been one of the most explored regions in laser technology in recent years [1, 2] . High−power, high−energy Q−switched 2−μm holmium (Ho) lasers have a variety of scientific and technical applica− tions. They offer properties which are required in such applications as material processing or laser surgery, den− tistry and therapy [3] . Additionally, they can be used in sci− ence applications [4] , as well as in range finders or remote sensing systems [5] [6] [7] . Furthermore, 2−μm high peak power solid−state lasers are very effective pump sources of Mid− −Infrared optical parametric oscillators (MIR−OPOs) which are needed in advanced security and defence systems [8] .
The most attractive and popular 2−μm lasers are the ones based on thulium (Tm 3+ ) and holmium (Ho 3+ ) doped materi− als, oscillating in the region of 1.9 μm and 2.1 μm, respec− tively [9] . However, in high energy applications due to the high emission cross section and relatively long upper−state lifetimes, Ho crystals are preferred in comparison to Tm−do− ped media. The initial works on 2−μm lasers were concen− trated on thulium−holmium co−doped materials pumped by 795 nm laser diodes [10] . Nowadays, holmium lasers are very often resonantly pumped by 1.9 μm high power Tm− −doped fibre lasers [11, 12] which seem to be the most attrac− tive sources for the direct pumping of Ho crystals, due to a very low quantum defect, an excellent mode matching resulting from the high quality of a pumping beam, com− pactness and modularity of an optical scheme. Recently, holmium doped lasers directly 'in−band' pumped by laser diodes have been demonstrated [13] [14] [15] [16] [17] . To achieve high− −energy Q−switched laser operation, fluoride holmium do− ped crystals seem to be the best candidates [18] . The high emission cross section, long upper laser level lifetime (~14 ms) [19] , good thermal and mechanical properties [20] , as well as the natural birefringence of the YLF host, enabling the generation of the polarized light without the external polarizer, make Ho:YLF crystals particularly suit− able for producing high energy pulses. Additionally, for fur− ther output energy scaling up the master oscillator power amplifier (MOPA) configuration can be employed relati− vely easy [21] .
The highly efficient in−band CW and Q−switched Ho:YLF lasers pumped by high power Tm doped fibre lasers were reported recently [22, 23] . A detailed compari− son of resonantly pumped Ho:YLF and Ho:LLF lasers in dependence on the lengths of the active crystals was made by M. Schellhorn [24] . He reported a maximum CW output power of 18.1 W with a slope efficiency of 33.3% with respect to the incident pump power in a 715−mm−long cavity with a 40−mm−long 0.5 at. % Ho:YLF crystal. W. Koen et al. reported 12.4 W CW output power with a slope effi− ciency of 25% with respect to the incident pump power [25] . In this case they used a 370−mm−long cavity with a 30−mm− −long 0.5 at. % Ho:YLF crystal in the oscillator con− figuration.
The idea of this paper was to present the efficient gener− ation and to estimate the maximum possible output power of the Ho:YLF laser in CW generation with the use of 0.5 at. % 50−mm−long crystal. In a short cavity configuration, for the similar incident pump power, the maximum 38.9 W of out− put power with 52.3% slope efficiency with respect to the incident pump power in a TEM 00 mode was demonstrated. The comparison of CW laser performances of resonantly pumped Ho:YLF lasers based on two crystals of different lengths under an identical pumping scheme configuration was presented. Due to the significant role of the ground state depletion, output powers are presented as a function of incident and absorbed pump power.
Continuous-wave operation
A Ho:YLF laser oscillator based on a longitudinal pumping scheme operating in a CW regime was developed according to the conception depicted in Fig. 1 . In the experiment, the optical pumping was realized by a CW single−mode high power Tm:fibre laser. The laser operated at a wavelength range between 1939.1 nm (slightly above the threshold) and 1939.9 nm (at an output power of 90 W). The unpolarized pump radiation was delivered to the active medium by an output facet of the collimator and focused with the use of a telescope consisting of two focal lenses with focal lengths of +150 mm and -30 mm. The spot radius of the pump beam in the crystal was measured to be~450 μm. The two differ− ent 'a−cut' Ho:YLF bricks of the same 0.5 at. % Ho doping concentration and different lengths of 30−mm and 50−mm were used as active media. Their end facets were anti−reflec− tion coated for the 1.92-2.10 μm wavelength range. The crystals were wrapped with an indium foil and tightly mo− unted in a water−cooled copper heat−sink for better thermal contact. The temperature of the water was kept constant at a temperature of 16°C. The Ho:YLF crystals were posi− tioned between the two flat dichroic mirrors (DMs) at a 45°a ngle of incidence with high transmission (T > 96.5%) at the pump wavelength and high reflectivity for the 2.04-2.07 μm wavelength band, inside a U−shaped plano−concave resona− tor. The rear cavity HR mirror was flat with a high reflec− tivity at 2.05 μm wavelength. Plane−concave out−coupling mirrors (OC) of different transmissions with a curvature radius of R OC = 400 mm were used in the experiment. The energetic characteristics of the laser in a CW mode of operation in a short cavity, without any additional ele− ments inside the resonator, were measured for the output coupler transmittances of T OC = 10, 20, 30 and 40%. The physical length of the Ho:YLF laser cavity was approxi− mately of 130 mm, resulting in a calculated beam radius in the crystal of~370 μm. Thermal lensing in this calculation was neglected. The research was done for two crystals of the same 0.5 at. % Ho dopant concentration and with different lengths of 30 and 50 mm. The lasers built with the use of both crystals were examined under the same experimental scheme and for the same pump conditions.
At room temperature for an output coupling transmis− sion of 20% and a crystal length of 50 mm the highest out− put power and slope efficiency were achieved. For the maxi− mum CW incident pump power of 81.4 W, the holmium laser yielded an output power (with excellent beam quality) as high as 38.9 W corresponding to a slope efficiency of 52.3% and an optical−to−optical conversion efficiency of 47.8%, determined with respect to the incident pump power [ Fig. 2(a) ]. To calculate the absorbed pump power during the laser operation, the transmitted pump radiation, unab− sorbed in the crystal, was measured behind the dichroic mir− ror DM2 on−line. Due to the bleaching of the upper laser manifold and the ground state depletion for the high pump power the absorption efficiency of the pump light decreased with the increasing pump power. It resulted in a few per− centage points in the decrease in absorption efficiency in the whole range of pump power for both crystals. Furthermore, it was noticed that the absorption efficiency decreased with the increasing out−coupling transmission. Obviously, the absorption of the longer crystal was much higher. For the maximum applied pump power with a 50−mm−long Ho:YLF crystal, an absorption of approximately of 72% and 63% for 10% and 40% out−coupling transmission was calculated, respectively. The highest optical−to−optical conversion effi− ciency of 70.2% with respect to the absorbed pump power under the same circumstances was obtained. The slope effi− ciency was even higher reaching 79.4%, for T OC = 40% [ Fig. 2(b) ], when determining its measurement with respect to the absorbed pump power. The maximum laser power for this output coupler was 36 W at 51.6 W of absorbed pump power, corresponding to an optical−to−optical efficiency of 69.8%. The laser characteristics in a CW mode, for the 30− mm−long crystal, are shown in Fig. 3 , where the curves of output power plotted as a function of incident and absorbed pump power are presented. For the 30−mm−long Ho:YLF crystal pumped by maximum applied power the absorption calculated for 10% and 40% out−coupling transmission was 58% and ~42%, respectively.
The calculated slope efficiencies are given in Fig. 3 . For the laser configuration with the output coupling transmission of 20%, the highest output power of 26 W was achieved. This corresponds to the slope efficiency of 35.3% and to the opti− cal−to−optical conversion efficiency of 31.9%, determined with respect to the incident pump power. Both lasers operated on p−polarization. The summarized data of slope efficiencies h slope , optical−to−optical efficiencies h opt−opt , with respect to the incident and absorbed pump power obtained for the 30− −mm−long and 50−mm−long Ho:YLF crystals with different transmittances of the output coupler T OC are presented in Table 1 .
The output power in a CW regime was also studied with a variation of the temperature of the cooling water flowing through the crystal heat−sink. Figure 4 shows the perfor− mance of the Ho:YLF laser based on a 50−mm−long crystal with an output coupler transmission of T OC = 20%, achieved for two input pump power levels. The temperature of the crystal holder ranged from 5 to 35°C. Basically, the laser worked with the crystal holder temperature of 16°C. The data show a 14% and 18% drop in output power with respect to the maximum power over the temperature range, measured for 61.0 W and 37.5 W pump power, respectively. A simple linear fit to the data yields the slope of the Ho laser output power vs. a crystal holder temperature indicating a high sensitivity of output power over a temperature in− crease of -142 mW/°C for the higher pumping power and -101 mW/°C for the lower pumping power, respectively. Due to Ho:YLF laser levels feature, the operating wave− length can be switched between two typical wavelengths of 2064 nm and 2050 nm. The operating wavelength describes the formula of the small signal gain of the Ho:YLF crystal and critical pump power intensity in the crystal. Therefore, the selection between the operating wavelengths can be implemented by adjusting the pump power intensity. The wavelength switching can be also realized by changing the output coupler. The change of output coupler will result in changing intracavity laser intensity. This, in turn, will change the pump absorption of Ho:YLF crystal because pump absorption is a function of laser intensity, and will indirectly change the average pump intensity in the laser crystal. The output spectra of the Ho:YLF lasers were mea− sured with the integrating period below 1 s (with the use of an optical spectrum analyser) in dependence on the output coupling transmittances. The increase of the output coupler transmission makes the laser operate at shorter wavelengths. For the longer Ho crystal, in the whole range of used out− −coupling transmittances, as well as for the shorter active medium and low values of output mirror transmission, the laser operated at the characteristic wavelength of~2064 nm. However, it was noticed that applying shorter crystal and the out−coupling transmission of over 30%, the operating wavelength was shifted to~2050 nm. Furthermore, in the presented system it was possible to set a condition when the output lasing wavelengths self−switched between two wave− lengths with a very high repetition frequency. Applying the output coupling transmission of 30% lasing at 2050.8 and 2061.7 nm wavelengths was observed. The corresponding spectrum with double emission peaks is depicted in Fig. 5 .
The laser wavelengths generated in the developed laser systems for all output coupler transmittances are presented in Table 2 .
To determine the beam quality factor in a CW regime we directed the Ho laser radiation through a 250−mm focal length lens and measured the beam diameter along the prop− agation direction with the use of a pyroelectric NanoScanscanning−slit laser beam profiler, making measurements in accordance with ISO 11146.
With standard beam propagation expressions, the curves applied to the data yielded a nearly diffraction limited beam with excellent M 2 parameters of 1.014 and 1.015 in both horizontal and vertical directions, measured at the pump power of 37.5 W and T OC = 20%, respectively (Fig. 6) . A circularly symmetric beam profile (shown in Fig. 6 as an inset) with Gaussian distributions within the whole scan was recorded.
Q-switched operation
In a Q−switched operation a 50−mm−long Ho:YLF crystal due to the obtained higher efficiencies and output powers in CW regime was used in the experiment. A Q−switched Ho:YLF laser oscillator based on similar elements as pre− sented in Fig. 1 was elaborated according to the conception depicted in Fig. 7 . To modulate the optical cavity losses a fused silica acousto−optic modulator (AOM) made by the Gooch and Housego company was utilized. The AOM was driven by 20 W RF power at 40.68 MHz. Experiments were carried out with the higher transmission of the output cou− pler T OC = 40% and a radius of curvature of R OC = 400 mm. The design strategy for the resonator in the Q−switched regime was to maximize the laser mode size on the output coupling mirror in order to avoid any optical damage of this element. In the first experiment, applying the shorter cavity and for the pulse energy of about 10 mJ @ 3kHz the output coupler mirror of T OC = 40% was damaged. In the configu− ration presented in Fig. 7 the length of the resonator was extended as much as possible. The physical length of the Ho:YLF laser resonator in the Q−switched regime was ap− proximately of 390 mm, resulting in a calculated beam radius in the crystal of~350 μm. Thermal lensing in this calculation was also neglected.
The average output power of the Ho:YLF laser as a fun− ction of incident pump power for various pulse repetition frequencies is presented in Fig. 8 . The output power of the Ho:YLF laser in a CW mode of operation measured with an acousto−optic modulator inside the cavity is also presented.
The PRF varied from 2 to 10 kHz. For the maximum incident pump power of 81.4 W and PRF of 10 kHz, the highest average output power of 34.0 W was measured cor− responding to an optical−to−optical conversion efficiency of 41.8% with respect to the incident pump power. The 2−μm laser output pulse−width measurements were performed with the use of a high−speed detector with a rise/fall time of 28 ps made by Electro−Optics Technology (ET−5000). For the minimum applied frequency and 71.9 W of incident pump power pulses of 13.7 mJ energy with a 21 ns FWHM pulse duration corresponding to 652 kW peak power were achieved (Fig. 9) corresponding to an optical−to−optical con− version efficiency of 38.1% with respect to the incident pump power (27.4 W output power). Further pulse energy scaling up was disrupted due to the active crystal damage which occurred for the maximum applied pump power at 2 kHz PRF. We believe that this failure resulted from inade− quate thermal contacts and, thus, less efficient heat dissipa− tion between the Ho−doped crystal and the heat sink sur− faces. This may be confirmed by the fact that the active crystal was fractured in a transverse direction (inset in Fig. 8 ). The output energy for which the damaged occurred was estimated to be~15 mJ corresponding to a maximum intracavity energy fluence of about 11.7 J/cm 2 and a power density of 0.56 GW/cm 2 . Due to the unexpected crystal damage spectral and beam quality measurements were not carried out. However, based on the careful observation of the laser beam profile during the experiment in the Q−swi− tched regime we believe that the output beam was only diffraction limited.
Conclusions
An efficient, single−pass pumped CW and Q−switched Ho:YLF laser pumped by a thulium−doped fibre laser was demonstrated. Two 0.5 at. % Ho−doped crystals with a len− gth of 30 mm and 50 mm were tested during the experiment on a CW operation. For an output coupling transmission of 20% and a crystal length of 50 mm the maximum output power, in a CW regime, of 38.9 W for 81.4 W of an incident pump power, corresponding to a slope efficiency of 52.3% and an optical−to−optical efficiency of 47.8% was achieved.
The highest optical−to−optical conversion efficiency of 70.2% with respect to the absorbed pump power for the same conditions was obtained. For a Ho:YLF laser with a 30−mm−long crystal, the main emission wavelengths on p−polarization of 2064 nm shifted to shorter wavelengths of 2050 nm with an increase in output coupling transmittances. For the output coupling transmission of 30% we demon− strated generation at two wavelengths (2051 nm and 2062 nm). For a Q−switched operation with a longer cavity configuration the maximum average output power of 34.0 W at the PRF of 10 kHz was obtained for a laser with a 50−mm crystal length. For 2 kHz PRF and 71.9 W of inci− dent pump power pulse energies of 13.7 mJ with a 21 ns FWHM pulse width corresponding to 652 kW peak power were recorded. The transmitted, unabsorbed in the oscilla− tor, partially polarized Tm:fibre laser pump radiation can be subsequently used to pump the amplifier stage. An amplifier system by applying another Ho:YLF crystal rotated by 90°a round the laser beam axis can be developed in CW, as well as in Q−switched configurations [25, 26] .
